Introduction

45
During meiotic crossing over, homologous chromosomes align and exchange paternally and 46 maternally derived DNA. Crossovers (CO) are one of the main sources of variation in sexually 47 reproducing organisms, and as such, the rate at which they occur has considerable evolutionary 48 significance (Ritz et al. 2017; Stapley et al. 2017 ). If the rate is too low, the organism has less 49 chance of adaptation, if too high, an already effective genotype runs the risk of disruption. While 50 the rate of crossovers can vary across taxa, populations, and between and within individuals, the 51 possible scale of variation across these various levels appears remarkably constrained (Ritz et al. 52 2017) . Nevertheless, the scope for some degree of CO rate variation exists for individual 53 organisms, and is of practical importance, both medically and economically. For example, the 54 frequencies of several forms of human chromosomal number abnormalities (in particular, 55 trisomies) correlate with the increased frequency of CO (Hussin et al. 2011; Alves et al. 2017) . 56
In plant breeding, the development of 'elite' genotypes depends on meiotic COs that allow the 57 accumulation of desirable traits, and much research is focused on finding ways to increase local 58 Interestingly, it is often not just the overall rate of CO that is important, but also the ratio of the 60 male and female rates of CO (henceforth, mCO and fCO). In many taxa, these two rates differ to 61 a greater or lesser extent, a phenomenon called heterochiasmy (Ritz et al. 2017 In true heterochiasmy, the ratio between the rates of the more and less recombinative 66 sexes can vary from 1.035 to 14 (Ritz et al. 2017) . Evidence indicates that, for a truly 67 heterochiasmatic species, the sex that has the lower rate of CO will be the one for which genetic 68 stability in the haploid phase is most likely to be critical to the future organism's fitness 69 (Lenormand 2003 Li et al. 2017 ). In Toyota et al. (2011) , the extent of heterochiasmy in primary shoots decreased 89 with age, because, although there was no change in mCO, there was an increase in fCO. It is 90 unclear, however, whether this pattern is true for each location in the chromosome. That study 91 looked at 343 markers across the five chromosomes of the species, and reported on the average 92 change of mCO and fCO for each chromosome, taking the mean of rates for the set of each 93 chromosome's applicable markers. The likelihood of intrachromosomal variation of 94 heterochiasmic values is suggested by the results of Li et al. (2017) . That study found that while 95 mCO in primary shoots did not significantly change with age for markers in five of nine genomic In this study we explore the possibility of intrachromosomal variation further, by looking at the 104 influence of parental age on mCO, fCO, and mCO:fCO, using eight markers that cover all five 105 chromosomes of Arabidopsis. Plants were sampled at four time points that cover the full 106 reproductive duration of the Arabidopsis main shoot. We find that, while, at any one age, the 107 ratio mCO:fCO differed both inter-and intra-chromosomally, the ratio, and also mCO and fCO, 108 did not change with parental age of the main shoot. We believe the most likely reasons for the 109 apparent discrepancy between our results and previous findings (i.e. Toyota et al., 2011) is that: 110
(1) on the one hand, our small set of markers did not include any of the locations that exhibit an 111 6 age-response by fCO nor, for that matter, any of those that exhibit an age-response by mCO (as 112 reported in Li, 2017); (2) on the other hand, by reporting only on the chromosomal averages of 113 mCO:fCO, the earlier study could not detect any of an intrachromosomal spectrum of age-114
responses. It appears this spectrum is wide enough to include a lack of response at some 115 locations, as we have reported for all three parameters, and as 
Statistical analysis 174
Meiotic CO rates follow a normal distribution and hence, a Gaussian generalized linear model 175 (GLM) with identity link function was used (Nelder and Wedderburn 1972) . The linear 176 predictors were either the different ages, or the sex, of the detector-line parent. In all GLMs, the 177 data from groups were compared. Correction for multiple testing was done to maintain the 178 family-wise error rate at 5% (Gabriel 1969) . Therefore, the P values were adjusted with a single-179 step method that considered the joint multivariate t distribution of the individual test statistic 180 (Bretz et al. 2016 ). The results were reported with the two-sided P values adjusted for multiple 181 comparisons (Singh et al. 2015) . All statistical analyses were carried out in R (Team 2014). To 182 adjust the P values for multiple testing, the R package multcomp was used with the test 183 specification 'single-step' (Bretz et al. 2016 ). Graphs were produced using GraphPad Prism 8. The average rates and thus the average heterochiasmic ratios, mCO:fCO, that we have measured 245 can also be compared with those predicted by analysis of data published previously (Table S2 in rates from location to location. In Table 2 we present the measured and predicted rates and ratios 249 (all ages combined), the predicted values being based on our interval-based analysis (Table S12) show a good congruence, in terms of their magnitudes relative to each other, with those that we 252 measured. This point is evident when the measured and predicted ratios are ranked from high or 253 low, according to their magnitude (Table 2) . 254 
Levels of heterochiasmy in eight intervals of Arabidopsis varied with the interval studied 269 270
The ratio mCO:fCO did, however, vary significantly on an interval by interval basis (Figure 3 ; 271 Table 2 ). For example, the ratio of the average mCO:average mCO (across all four ages for any 272 one interval) varied between 1.18 (CTL1.2) and 3.20 (CTL5.17; Table 2 ). These two lines also 273 exhibited the most extreme values for both of the individual rates, mCO and fCO. CTL1.2, 274 which had the lowest ratio, had the highest individual rates (mCO: 33.44; fCO: 28.24); while 275 CTL5.17, which had the highest ratio, had the lowest rates (mCO: 16.62; fCO: 5.21) ( Table 2) . 276
277
The relatively higher values of the measured male and female CO rates of detector line CTL1.2 278 were also predicted by our analysis of the data from Table S2 of Giraut et al. (2011) . A high CO 279 rate in an interval can be the consequence of the number and strength of its CO hotspots and/or 280 the length of the interval. In the case of CTL1.2, the high male rate was solely due to the interval 281 being two to three times longer than any of the others. According to our analysis of Table S2 , 282 Giraut et al. (2011) , the average male rate along this interval (as measured in the earlier study) is 283 in fact the second lowest of the eight intervals. For the relatively higher female rate of CTL1.12, 284 the interval's female hotspots also contributed: it has the highest average rate of recombination 285 of any of the intervals (calculated from Table S2 , Giraut et al. (2011) ). 286
287
The pattern of high or low sex ratios can also be predicted from our calculations of the 288 percentage overlap that intervals have with the subtelomeric and pericentromeric regions. For 289 example, the only intervals with an mCO:fCO of less than 2.0 (i.e. CTL1.2; CTL2.4; 3162; Table  290 18 2), are those that have no overlap with a subtelomeric region (Table 1) 
Levels of heterochiasmy in Arabidopsis likely show a wide range of intrachromosomal 297 responses to parental age 298
Our results provide new insights into a previous finding that heterochiasmy in Arabidopsis 299 decreases with age (Toyota et al. 2011 ). The current study, only the second to address the topic, 300
showed that in eight out of eight intervals, heterochiasmy did not change with age. However, we 301 do not believe that our results challenge the previous finding. As we will discuss below, we 302 would accept that on a genomic or chromosomal basis, the ratio mCO:fCO is likely to decrease 303 with age; but, our results,when considered together with previous work, suggest that, within any 304 given chromosome, the ratio is unlikely to decrease at many locations. That is, we propose that 305 heterochiasmy in Arabidopsis shows a wide spectrum of intrachromosomal responses to age, 306 including, at some locations, no response at all. 307 308 For all eight intervals studied here, distributed across all five each chromosomes, neither did 309 mCO:fCO, nor its component rates, change with age. The reliability of our ratio estimations is 310 supported by the good agreement of our results with the rates and ratios that can be calculated 311
using the values of mCO and fCO that Giraut et al. (2011) provide for multiple locations within 312 each interval. Some discrepancies might be expected given the different genetic background of 313 19 the accessions used in the two studies. The relative values of the measured rates and ratios are 314 also as predicted, as accurately as can be expected, by the extent of overlap between an interval 315 and the subtelomeric and pericentromeric regions of the chromosome. 316
317
The likelihood that heterochiasmy shows intrachromosomal variation in its response to age is 318 supported by considering our results together with those of Li et al. (2017) and Toyota et al. 319 (2011) . Li et al. (2017) studied nine intervals (none of which corresponded to any of our eight) 320 and found that mCO did not change with age in five of nine intervals studied, and increased in 321 two; significantly, there were two cases where, in a single chromosome, mCO changed 322 significantly with age for one interval but not another (Figure 3 the response of mCO:fCO to age. This was primarily driven by variation in the degree to which 327 fCO increased with age; this increase varied from 1% in chromosome 4 to 14% in chromosome 3 328 (analysis of Table 5 ; Toyota et al. 2011) . Likewise, in the same study, while the response of 329 mCO to age did not change significantly when all five chromosomes were considered together, it 330 did increase by 7% in both chromosomes 1 and 5 (analysis of locations where the ratio mCO : fCO did not change with age at all -as we found for all intervals 335 20 in our study. Also of note here is the study of Francis et al. (2007) , which found that mCO did 336 not change in response to age. 337 338 From our results, together with those of the two previous studies mentioned above (Toyota et al. 339 2011; Li et al. 2017) , one can propose the following: that as we consider each location along a 340 chromosome of Arabidopsis in turn, we will find that: (1) the rates of male and female meiosis 341 will change (as shown by Giraut et al. 2011 ), as will, for many cases, the degree of 342 heterochiasmy; and (2) the sensitivity of rates/ratio to age will change, such that the percentage 343 response to age at any one location will sit somewhere along a broad continuum of values, the 344 starting point of which is zero. 345 (Lynn et al. 2004 ). Since synapsis initiation sites are also sites for CO 354 (Choi and Henderson 2015) , this means that: (a) we can expect different rates of male and female 355 CO at two more or less defined locations within the chromosome; and (b) since each of those 356 locations will vary epigenetically in male and female meiosis (i.e. supporting or not supporting 357 21 synapsis initiation), this opens up the possibility that each will also respond differently to the 358 many cellular changes that accompany ageing. 359
346
Which meiotic processes could be responsible for intrachromosomal variability in the response
In Arabdiopsis, there is not the same tight coupling between synapsis initiation and CO 360 (Chelysheva et al. 2007 ). However, we can be certain that, if we compare any pair of 361 corresponding locations in a chromosome undergoing male or female meiosis, there is a high 362 probability that their epigenetic environments will differ. A visual scan of the male and female 363 recombination landscapes of any of the five chromosomes (Figure 4 , Giraut et al. 2011) shows 364 that the rates, and the ratio, mCO: CO, vary frequently and dramatically from location to 365 location. Their analysis found that amongst 380 locations in the genome, more than half were 366 significantly hot or cold, in terms of male or female CO rates. The hotspots are thus necessarily 367 not just concentrated in one area of the chromosome: e.g. 27/40 of the male hotspots occur away 368 from the telomeres (Figure 4 , Giraut et al. 2011) . Given that the chromosomes involved in male 369 and female meiosis have the same sequence, a mechanistic explanation for the difference 370 between the CO rates at the same location must lie in their exposure to different epigenetic 371 conditions. As with the human example described in the previous paragraph, this will create the 372 potential for intrachromosomal and sex-based variation in the responses to age. 373
The mechanisms that might lead to these local chromosomal differences in mCO and fCO, or the 374 cumulative differences they bring about at the genome level, have been the focus of many studies 375 in Arabidopsis, and these have indicated a range of epigenetic mechanisms that could provide a 376 'substrate' for some or all of the intrachromosomal variation in age x gender responses. What is 377 interesting to consider, for our purposes, is which of the mechanisms might be both: (1) 378
